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Abstract
We grow thin ﬁlms of SmB6 by molecular beam epitaxy under ultra-high vacuum better than
1 × 10−6 Pa. Sm and B were evaporated independently by Knudsen cells with the deposition
rate ratio of B and Sm as B/Sm in between 4.0 and 5.7 on an MgO (100) substrate with the
substrate temperature of 1000 ◦C. Reﬂection high energy electron diﬀraction patterns show
spotted ones indicating a relatively ﬂat ﬁlm surfaces. This is in good agreement with the
surface roughness measured by the atomic force microscope. Interplane and inplane X-ray
diﬀraction measurements represent the preference growth of c-axis oriented SmB4 thin ﬁlms
with the ratio B/Sm = 4.0. We obtained SmB6 thin ﬁlms with the ratio B/Sm in between
4.9 and 5.7. X-ray diﬀraction measurements clarify that our SmB6 thin ﬁlms show evidence of
partial epitaxial growth as major domains orienting along [100]SmB6 ‖ [100]MgO. Crystallinity
of inplane alignment is improved with approaching the stoichiometric deposition rate of B/Sm
= 6. The electrical resistivity increases with decreasing temperature as a semiconductor, and
becomes constant at low temperatures. These features well reproduce the tendency observed
for the resistivity of bulk samples.
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1 Introduction
Rare-earth hexaboride compounds RB6(R: rare earth) have been studied extensively for their
various interesting properties. RB6 has a CaB6 type cubic crystal structure, which forms the
CsCl type arrangement of R atoms and B6 octahedra. A member of this family, SmB6 is known
by the fact that the valence of Sm ions is intermediate between the Sm2+(4 f6) and Sm3+(4 f5)
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conﬁgurations[1]. SmB6 is also considered as a prototypical Kondo insulator, in which a narrow
gap near the Fermi level is formed by the hybridization of localized 4f -electrons and conduc-
tion electrons. At low temperatures, the electrical resistivity of a Kondo insulator exhibits a
semiconductor-like increment with decreasing temperature. The temperature dependence of the
resistivity in SmB6, however, shows anomalous saturation below 3K even in high quality sam-
ples. This anomalous feature, so called in-gap state, has been a long standing mystery to be un-
veiled. It has recently attracted a great deal of attention as a possible candidate of a topological
Kondo insulator[2, 3, 4, 5, 6]. The topologically protected surface metallic state dominates the
resistivity at low temperatures, and explained the saturation of the resistivity in SmB6. This hy-
pothesis has been investigated by a number of experiments, such as transport[7, 8, 9, 10, 11, 12],
point-contact spectroscopy[13], scanning tunneling microscope[14, 15], angle resolved photoe-
mission spectroscopy[16, 17, 18, 19, 20, 21, 22, 23] and quantum oscillation[24]. Despite theoret-
ical and experimental eﬀorts, realization of a topological Kondo insulator in SmB6 is, however,
still controversial.
Precise thickness control in thin ﬁlm samples of SmB6 can bring new insights for surface
states by measuring such as transport properties for widely varying ﬁlm thickness and optical
conductivities in THz region. Therefore, it is of crucial importance to realize epitaxial SmB6
ﬁlms for extending the researches. To our best knowledge, there is no report for realizing
epitaxial growth of SmB6 thin ﬁlms while c-axis oriented[25], preferentially c-axis oriented
[26, 27] and polycrystalline[28] ﬁlms were reported. In this paper, we report the preparation
method, crystalline structure and the resistivity measurements of SmB6 thin ﬁlms. We obtained
SmB6 thin ﬁlms of which the growth is partially epitaxial. The electrical resistivity exhibit a
semiconducting behavior as conﬁrmed for bulk crystals.
2 Experimental
Thin ﬁlms of SmB6 were grown by the MBE method. The pressure during the growth process
was lower than 1 × 10−6 Pa. The elementary Sm material was deposited by using a Knudsen
cell (K cell). The high temperature K cell was used to evaporate B. (100) surface of MgO
was used as a substrate. The lattice mismatch between SmB6 (a = 4.134 A˚) and the MgO
(a = 4.212 A˚) is 1.9%. This lattice mismatch is relatively small among commercial insulating
substrates. The substrate was heated up to 1000 ◦C and was kept for 12 hours before deposition
to improve the surface ﬂatness by promoting rearrangement of surface atoms. The substrate
temperature was kept at 1000 ◦C during the deposition. The deposition rate was monitored
by a quartz oscillating monitor located below the substrate, and the typical deposition rate
was 1.2 A˚/min. The deposition rate ratios of B and Sm as B/Sm were in between 4.0 and 5.7.
Surface ﬂatness and crystalline quality were monitored by the reﬂection high energy electron
diﬀraction (RHHED) during the deposition. The structures of the ﬁlms were investigated by
X-ray diﬀraction (XRD) method. The surface ﬂatness of the ﬁlms was measured by an atomic-
force microscope (AFM). The resistivity measurements were performed by a conventional four
probe method.
3 Results and discussion
Figure 1 exhibits RHEED patterns of thin ﬁlm samples for B/Sm = (a) 4.0 and (b) 4.9,
respectively. We conﬁrmed that SmB4 thin ﬁlms were grown with B/Sm = 4.0, as described
below. The RHEED pattern in SmB4 thin ﬁlms shows sharp streaky pattern, indicating the
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Figure 1: Reﬂection high energy electron diﬀraction (RHEED) patterns for (a) SmB4 with the
deposition rate ratio of B/Sm = 4.0 and (b) SmB6 with B/Sm = 4.9, respectively.
realization of atomic scale ﬂat surface. The same pattern was observed with any incident
direction of the electron beam in SmB4 thin ﬁlms. It indicates the inplane axes are randomly
oriented. SmB6 thin ﬁlm with B/Sm = 4.9 shows spotted RHEED patterns, indicating a
relatively rough surface of thin ﬁlms. This pattern changes upon rotating the incident direction
of the electron beam. It suggests the existence of inplane alignment. No RHEED pattern
was observed in SmB6 with B/Sm = 5.7 probably due to insuﬃcient surface ﬂatness. Surface
ﬂatness of this sample is discussed below.
Figure 2 shows the interplane XRD pattern for B/Sm = 4.0, 4.9 and 5.7, respectively. We
conﬁrm that SmB4 thin ﬁlm is grown with B/Sm = 4.0 denoted as SmB4(4.0). SmB4 has a
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Figure 2: Interplane X-ray diﬀraction pattern for SmB4(4.0), SmB6(4.9) and SmB6(4.7), re-
spectively.
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Figure 3: Inplane X-ray diﬀraction pattern for SmB4(4.0), SmB6(4.9) and SmB6(5.7), respec-
tively. The X-ray incident angle ω is 0.3 ◦.
UB4 type tetragonal crystal structure (P4/mbm #127) with the lattice constants of a = 7.174 A˚
and c = 4.0641 A˚, respectively. In the SmB4(4.0) ﬁlm, (001), (002), (003) and (004) peaks are
observed. We obtain SmB6 thin ﬁlms For B/Sm = 4.9 and 5.7 denoted as SmB6(4.9) and
SmB6(5.7), respectively. (001), (002), (003) peaks are observed for SmB6(4.9), while only (001)
peak appears in SmB6(5.7). Exclusive appearance of (00l) peaks both in SmB4 and SmB6
revealed that the ﬁlm has a distinct c-axis oriented structure. From (00l) diﬀraction peaks,
c-axis lattice constants are determined to be 4.07 A˚ in SmB4 and 4.12 A˚ in SmB6, respectively.
They are in fairly good agreement with the bulk value within 0.5%.
Grazing-incidence XRD proﬁles for SmB4(4.0), SmB6(4.9) and SmB6(5.7) are shown in
Fig. 3. Observed diﬀraction peaks (200), (210), (310) and (410) for SmB4(4.0), (100), (110)
and (210) for SmB6(4.9) and SmB6(5.7) originate the contribution from (001) oriented grains.
Observation of (hk0) peaks in SmB4(4.0) indicate that inplane axes of grains are randomly
oriented. For SmB6(5.7)(SmB6(4.9)), the intensity of the (100) peak is 3.1(2.1) times higher
than that of the (110) peak. On the other hand, the simulation results, conducted by assuming
a random orientation of the inplane axis, exhibits that the intensity of the (110) peak is 1.5
times higher than that of the (100) peak. It suggests that the [100] axis of SmB6 thin ﬁlms in
major domains is preferentially oriented parallel to the [100] axis of MgO substrate. We note
that SmB6(5.7) shows sharper peaks and the intensity of (110) peak is suppressed compared
with those for SmB6(4.9). It indicates crystallinity of inplane orientation for SmB6(5.7) is
higher than that for SmB6(4.9). From inplane peaks, a-axis lattice constants are determined to
be 7.21 A˚ in SmB4 and 4.11 A˚ in SmB6, respectively. They are in fairly good agreement with
the bulk value within 0.6%, the same as those for c-axis.
Figure 4 shows the AFM image for (a) SmB4(4.0), (b) SmB6(4.9) and SmB6(5.7), respec-
tively. Average surface roughnesses Ra of these ﬁlms are estimated by AFM images as Ra =
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Figure 4: The atomic force microscope (AFM) image for (a) SmB4(4.0), (b) SmB6(4.9) and (c)
SmB6(5.7) , respectively.
3.1, 2.1 and 4.7 A˚for SmB4(4.0), SmB6(4.9) and SmB6(5.7), respectively. It is inconsistent with
a sharp streak pattern in the RHEED image in SmB4(See Fig. 1 (a)). The surface ﬂatness of
SmB4 thin ﬁlms may degrade by oxidization of surface in the air. Particles on the surface of
SmB6(5.7) may be single crystal domains caused by island growth of SmB6. Relatively high
Ra value is consistent with disappearance of the RHEED pattern in SmB6(5.7).
It was reported that the resistivity of SmB4 single crystal shows metallic temperature de-
pendence and a kink structure at Ne´el temperature TN = 25K[29]. Temperature dependence
of the electrical resistivity ρ for 203 nm thick SmB4 ﬁlms is shown in Fig. 5. The resistivity de-
creases slightly with decreasing temperature. It is qualitatively consistent with the bulk results,
while the resistivity at room temperature is about 60 times larger than that of bulk samples.
Inplane random alignment in SmB4(4.0) thin ﬁlms may increase the residual resistivity. The
resistivity starts to increase below 24K, as shown in the arrow in the inset of Fig. 5. It seems to
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Figure 5: Temperature dependence of the electrical resistivity for SmB4(4.0). The inset shows
low temperature resistivity, where the arrow indicates the onset of the antiferromagnetic order-
ing.
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Figure 6: Temperature dependence of the electrical resistivity for SmB6(5.7). The inset shows
the Arrhenius plot of the resistivity.
correspond to the onset of the antiferromagnetic ordering, while the resistivity of single crystals
decreases by the suppression of magnetic scattering in the magnetically ordered state. The
origin of this signiﬁcant diﬀerence is still not clariﬁed.
Figure 6 demonstrates the temperature dependence of the resistivity in 13 nm thick
SmB6(5.7). The resistivity increases with decreasing temperature at high temperatures, but
saturates to a certain value at low temperatures. The Arrhenius plot, appeared in the inset of
Fig. 6, indicates semiconducting temperature dependence of ρ ∝ exp(Δ/kBT ) at high temper-
atures. Overall temperature dependence of the resistivity shows in reasonable agreement with
that of the bulk crystals. The fact that the increment is in particularly smaller than that in
bulk crystal, is indicative of the insuﬃcient quality of our thin ﬁlms. Similar suppression of
the resistivity is reported in disordered crystals in which defects are introduced by the neutron
irradiation[30]. Further improvements of the ﬁlm quality is needed to answer whether the SmB6
ﬁlms behaves as a topological insulator or not.
4 Summary
We have grown SmB6 thin ﬁlms on a (100) surface of MgO substrate at the substrate tempera-
ture of 1000 ◦C. SmB6 thin ﬁlm were grown with the deposition rate ratios of B/Sm in between
4.9 and 5.7. We obtained c-axis oriented SmB4 thin ﬁlms with the stoichiometric deposition
rate ratio of B/Sm = 4.0. We ﬁnd that some domains in SmB6 thin ﬁlms grow epitaxially
with relatively ﬂat surface roughness of Ra  2.1 A˚. Interplane alignment is well oriented for
c-axis with B/Sm in between 4.9 and 5.7. Inplane alignment of major domains of SmB6 thin
ﬁlms are preferentially oriented [100]SmB6 ‖ [100]MgO, while randomly oriented domains are con-
taminated. Crystallinity of inplane alignment is improved with approaching the stoichiometric
deposition rate of B/Sm = 6. Exceeding Sm supply may disarrange the inplane alignment,
while the vapor pressure of Sm is duly high at 1000◦C. The electrical resistivity shows semi-
conducting temperature dependence at high temperatures, and saturates at low temperatures.
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These features are in good agreement with that observed in bulk samples.
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